Three Neutrino Mixing
U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,
• U -n × n unitary: n 2 3 4 mixing angles:
1 2 n(n − 1) 1 3 6
CP-violating phases:
• ν j − Dirac:
(n − 1)(n − 2) 0 1 3
• ν j − Majorana: • α 21 , α 31 -the two Majorana CP-violation phases.
• ∆m 2 ≡ ∆m 2 21 ∼ = 8.0 × 10 −5 eV 2 > 0, sin 2 θ 12 ∼ = 0.30, cos 2θ 12 ∼ > 0.28 (2σ),
• |∆m 2 atm | ≡ |∆m 2 31 | ∼ = 2.5 × 10 −3 eV 2 , sin 2 2θ 23 ∼ = 1,
• θ 13 -the CHOOZ angle: sin 2 θ 13 < 0.027 (0.041) 2σ (3σ).
A.Bandyopadhyay, S.Choubey, S.Goswami, S.T.P., D.P. Roy, T. Schwetz, hep-ph/0606060; G.F. Fogli et al., 2006.
• sgn(∆m 2 atm ) = sgn(∆m 2 31 ) not determined • Majorana phases α 21 , α 31 : -ν l ↔ ν l ,ν l ↔ν l not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980; P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987 -|< m >| in (ββ) 0ν −decay depends on α 21 , α 31 ; -Γ(µ → e + γ) etc. in SUSY theories depend on α 21,31 ; -BAU, leptogenesis scenario: α 21,31 !
Future Progress
• Determination of the nature -Dirac or Majorana, of ν j .
• Determination of sgn(∆m 2 atm ), type of ν− mass spectrum
atm , QD; m j ∼ > 0.10 eV.
• Determining, or obtaining significant constraints on, the absolute scale of ν jmasses, or min(m j ).
• Status of the CP-symmetry in the lepton sector: violated due to δ (Dirac), and/or due to α 21 , α 31 (Majorana)?
• High precision determination of ∆m 2 , θ , ∆m 2 atm , θ atm .
• Measurement of, or improving by at least a factor of (5 -10) the existing upper limit on, sin 2 θ 13 .
• Searching for possible manifestations, other than ν l −oscillations, of the nonconservation of L l , l = e, µ, τ , such as µ → e + γ, τ → µ + γ, etc. decays.
• Understanding at fundamental level the mechanism giving rise to the ν− masses and mixing and to the L l −non-conservation. Includes understanding -the origin of the observed patterns of ν-mixing and ν-masses ;
-the physical origin of CP V phases in U PMNS ;
-Are the observed patterns of ν-mixing and of ∆m 2 21,31 related to the existence of a new symmetry?
-Is there any relations between q−mixing and ν− mixing? Is θ 12 + θ c =π/4 ? -Is θ 23 = π/4, or θ 23 > π/4 or else θ 23 < π/4? -Is there any correlation between the values of CP V phases and of mixing angles in U PMNS ?
• Progress in the theory of ν-mixing might lead to a better understanding of the origin of the BAU.
-Can the Majorana and/or Dirac CPVP in U PMNS be the leptogenesis CPV parameters at the origin of BAU?
Rephasing Invariants Associated with CPVP Dirac phase δ: Jarlskog, 1985 (for quarks) CP-, T-violation effects in neutrino oscillations
Majorana phases α 21 , α 31 : Nieves and P. Pal, 1987, 2001 G.C. Branco et al., 1986 J.A. Aguilar-Saavedra and G.C. Branco, 2000 CP-violation: both Im {U e1 U * e3 } = 0 and Re {U e1 U * e3 } = 0 .
In general, J CP , S 1 and S 2 are independent.
Dirac CP-Nonconservation: δ in U PMNS Observable manifestations in 
CPT-invariance:
T-invariance:
In vacuum:
In matter: Matter effects violate CP : Langacker et al., 1987 Can conserve the T-invariance (Earth)
In matter with constant density: A 
HOW?
• Reactor Experiments ∼ 2 km sin 2θ 13
• Super Beams: θ 13 , δ, ...
JHF (T2K), SK (HK)
295 km
• are not sensitive to the nature of ν j , Bilenky et al.,1980; P. Langacker et al., 1987 • provide information on ∆m 2 jk = m 2 j − m 2 k , but not on the absolute values of ν j masses. The Majorana nature of ν j can manifest itself in the existence of ∆L = ±2
processes:
The process most sensitive to the possible Majorana nature of 2n from (A,Z) exchange a virtual Majorana ν j (via the CC weak interaction) and transform into 2p of (A,Z+2) and two free e − . 
no lepton charge is exactly conserved, ν j ≡ν j The observed patterns of ν−mixing and of ∆m 2 atm and ∆m 2 can be related to Majorana ν j and an approximate symmetry:
See-saw mechanism: ν j − Majorana
Establishing that ν j are Majorana particles would be as important as the discovery of ν− oscillations. Convention: The neutrino mass spectrum - The current 2σ ranges of values of the parameters used. • Explains the smallness of ν−masses.
• Through leptogenesis theory links the ν−mass generation to the generation of baryon asymmetry of the Universe Y B .
S. Fukugita, T. Yanagida, 1986.
• In SUSY GUT's with see-saw mechanism of ν−mass generation, the LFV decays µ → e + γ, τ → µ + γ, τ → e + γ , etc.
are predicted to take place with rates within the reach of present and future experiments. • The ν j are Majorana particles; (ββ) 0ν −decay is allowed.
m D generated by the Yukawa interaction: A. Casas and A. Ibarra, 2001 In GUTs, M R < M X , M X ∼ 10 16 GeV;
in GUTs, e.g., M R = (10 9 , 10 12 , 10 15 ) GeV, m D ∼ 1 GeV.
The CP-Invarinace Constraints
Assume:
The CP-symmetry transformation:
, l = e, µ, τ, λ jl , U lj , R jk -either real or purely imaginary.
Relevant quantity:
Suppose, CP-invrainace holds at low E: δ = 0, α 21 = π, α 31 = 0.
Thus, U * τ 2 U τ 3 -purely imaginary.
Then real R 12 R 13 corresponds to CP-violation at "high" E. κ-efficiency factor; κ∼ 10 −1 − 10 −3 : ε ∼ > 10 −7 . ε: CP −, L− violating asymmetry generated in out of equilibrium N Rj −decays in the early Universe, Luty, 1992; L. Covi, E. Roulet and F. Vissani, 1996; M. Flanz et al., 1996; M. Plümacher, 1997; A. Pilaftsis, 1997. κ = κ( m), m -determines the rate of wash-out processes: Low Energy Leptonic CPV and Leptogenesis
Individual asymmetries:
The "one-flavor" approximation -Y e,µ,τ -"small":
One-flavor approximation: M 1 ∼ T > 10 12 GeV
ε 1τ and (ε 1e + ε 1µ ) ≡ ε 2 evolve independently.
ε 1τ , ε 1e and ε 1µ evolve independently.
Thus, at M 1 ∼ 10 9 − 10 12 GeV:
A. Abada et al., 2006; E. Nardi et al., 2006 A. Abada et al., 2006 Individual asymmetries:
The baryon asymmetry is
A. Abada et al., 2006; E. Nardi et al., 2006 A. Abada et al., 2006 Real (Purely Imaginary) R: ε 1l = 0, CPV from U ε 1e + ε 1µ + ε 1τ = ε 2 + ε 1τ = 0, |Y B | ∼ > 8 × 10 −11 , M 1 ∼ < 5 × 10 11 GeV imply | sin θ 13 sin δ| ∼ > 0.11 , sin θ 13 ∼ > 0.11 .
The lower limit corresponds to
FOR α 32 = 0 (2π), β 23 = 0 (π):
Majorana CP-violation We get |Y B | ∼ > 8 × 10 −11 , for M 1 ∼ > 3.6 × 10 10 GeV
Dirac CP-violation, purely imaginary R 11 R 12 α 21 = π; R 11 R 12 = iκ|R 11 R 12 |, κ = 1;
|s 13 sin δ| M 1 10 9 GeV .
Majorana or Dirac CP-violation m 3 m 1 m 2 (IH), R 11 = 0, real R 12 R 13 , Majorana CPV; α 32 = π/2, s 13 = 0, M 1 = 10 11 GeV; i) sgn(R 12 R 13 ) = +1; ii) sgn(R 12 R 13 ) = −1. m 3 m 1 m 2 (IH), R 11 = 0, real R 12 R 13 , Dirac CPV, α 32 = 0; s 13 = 0.2, δ = π/2, M 1 = 10 11 GeV; i) sgn(R 12 R 13 ) = +1; ii) sgn(R 12 R 13 ) = −1; i) sin α 31 =π/3 α 31 =π/2 α 31 =2π/3 m 1 < m 2 < m 3 (NO(NH)), R 12 = 0, real R 11 R 13 , Majorana CPV, s 13 = 0; sgn(R 11 R 13 ) = −1, sin
